Bloom syndrome and ataxia-telangiectasia are autosomal recessive human disorders characterized by immunodeficiency, genome instability and predisposition to develop cancer. Recent data reveal that the products of these two genes, BLM and ATM, interact and function together in recognizing abnormal DNA structures. To investigate the function of these two molecules in DNA damage recognition, we generated double knockouts of ATM cells. There was no evidence for exacerbation of either phenotype; however, the more extreme radiosensitivity seen in ATM À/À and the elevated sister chromatid exchange seen in BLM À/À cells were retained in the double mutants. These results suggest that ATM and BLM have largely distinct roles in recognizing different forms of damage in DNA, but are also compatible with partially overlapping functions in recognizing breaks in radiation-damaged DNA.
Introduction
Chromosomal breakage syndromes represent a number of human genetic disorders characterized by genome instability, detected in the basal state or in response to DNA-damaging agents (Lavin and Lederman, 2003) .
These syndromes are defective in the recognition and/or repair of damage to DNA inflicted by different agents, and in most cases the genome instability is accompanied by a predisposition to develop cancer. Each of these syndromes has a specific clinical phenotype and a distinct pattern of chromosome aberrations. These syndromes include ataxia-telangiectasia (A-T), A-T-like disorder (ATLD), Nijmegen breakage syndrome (NBS), Bloom syndrome (BS), immunodeficiency/centromeric instability/facial anomalies syndrome (ICF) and Fanconi's anemia (FA). While these syndromes are defined by specific characteristics, it is evident that they overlap in some features that can be explained by interactions between their protein products and/or common signaling pathways (Stewart et al., 1999; Lim et al., 2000; Beamish et al., 2002) . There is good evidence that ATM, the protein defective in A-T cells, plays a central role in phosphorylating or altering the activity of the gene products for most of these syndromes in response to DNA damage (Cortez et al., 1999; Gatei et al., 2000; Beamish et al., 2002; Taniguichi et al., 2002) .
A-T is an autosomal recessive disorder characterized by neurodegeneration, immunodeficiency, radiosensitivity, genome instability, defective cell cycle checkpoint control and cancer predisposition (Lavin and Shiloh, 1997) . The gene defective in A-T is a member of the phosphatidylinositol 3-kinase family that includes DNA-dependent protein kinase (DNA-DK) and ATM-and Rad3-related protein, ATR (Savitsky et al., 1995; Abraham, 2001) . ATM is rapidly activated as a pre-existing protein in response to radiation damage to DNA, by a mechanism that involves intermolecular autophosphorylation and dimer dissociation (Banin et al., 1998; Canman et al., 1998; Bakkenist and Kastan, 2003; Kozlov et al., 2003) . There is also evidence for regulation at the translational and transcriptional levels under different conditions (Fukao et al., 1999; Gueven et al., 2001) . Once activated, ATM rapidly phosphorylates a series of substrates important in DNA damage recognition and cell cycle control (Shiloh and Kastan, 2001) . ATM phosphorylates Nbs1, mutated in NBS, on Ser343, which is required for activation of the S-phase checkpoint (Lim et al., 2000) and as part of the recognition of double-strand breaks in DNA (Gatei et al., 2000; Zhao et al., 2000) . Once phosphorylated, it appears that Nbs1 ceases to be a sensor of breaks in DNA and becomes an adaptor to facilitate the ATMdependent phosphorylation of structural maintenance of chromosome protein (SMC1), which also participates in the S-phase checkpoint (Kim et al., 2002; Yazdi et al., 2002) . There is evidence that ATM phosphorylation of the cell cycle checkpoint protein Chk2 is also dependent on Nbs1 (Buscemi et al., 2001) . Since Mre11 is part of the Mre11/Rad50/Nbs1 complex that recognizes breaks in DNA and is dependent upon Nbs1 for phosphorylation (Dong et al., 1999) , it is not surprising that mutation in this gene gives rise to ATLD, a syndrome closely related to A-T, characterized by radiosensitivity and chromosome instability (Stewart et al., 1999) . Hypersensitivity to ionizing radiation has also been demonstrated after biallelic disruption of the Fanconi anemia fancd2 gene (Taniguichi et al., 2002) . ATM phosphorylates FANCD2 on Ser222 and phosphorylation at this site in vitro is dependent on ATM (Taniguichi et al., 2002) . Thus FANCD2 acts as a link between the FA and ATM damage response pathways.
There is also evidence for convergence between the A-T and BS pathways (Beamish et al., 2002) . BS is an autosomal recessive disorder featuring immunodeficiency, infertility, erythemia, diabetes, genome instability in the form of elevated sister chromatid exchange (SCE), chromosomal breaks, deletions and rearrangements, as well as increased levels of leukemia and lymphoma (German, 1993) . BS cells are hypersensitive to UV, hydroxyurea and alkylating agents (Hand and German, 1975; Lonn et al., 1990) , and show some sensitivity to ionizing radiation (Aurias et al., 1980; Beamish et al., 2002) . BLM, the gene mutated in BS, is homologous to the RECQ family of helicase genes that include those mutated in Werner syndrome (Wrn) and Rothmund-Thomson syndrome (RECQ4) (Ellis et al., 1995; Yu et al., 1996; Kitao et al., 1999) . Although the exact role of BLM remains unknown, it suppresses inappropriate recombination which may be achieved by the suppression of double-strand breaks during DNA replication (Wang et al., 2000a; Gaymes et al., 2002) . Direct interaction between BLM and ATM has been described; ATM-dependent phosphorylation of BLM occurs in response to radiation and two sites have been identified, Thr 99 and Thr 122, that are phosphorylated by ATM Beamish et al., 2002) . Stable cell lines expressing BLM phosphorylation site mutants failed to correct the intermediate radiosensitivity observed in BS cells, but corrected SCE (Beamish et al., 2002) . To add to the complexity of overlapping pathways that work together to maintain genome stability, recent data show that BLM is specifically required to properly localize the Mre11/ Rad50/Nbs1 complex at sites of replication arrest and this is ATR-dependent (Franchitto and Pichierri, 2002) .
There is ample evidence that proteins that recognize damage in DNA signal that damage to the cell cycle checkpoints or to the DNA repair machinery. It is also likely that some of those proteins have overlapping functions. In this report, we further examine the convergence of ATM and BLM functions by disrupting the two genes in the DT40 chicken B-lymphocyte cell line.
Results

Targeted disruption of BLM in ATM
À/À DT40 cells
One of us has previously described the disruption of the ATM gene in DT40 cells (Takao et al., 1999) . These cells were employed as the starting point for production of the double ATM
To isolate BLM mutant clones on an ATM À/À background, we used BLM-his and BLM-bsr constructs generated by Imamura et al. (2001) . The targeted chicken BLM locus and the two gene disruption constructs are depicted in Figure 1a . To isolate heterozygous BLM þ /À mutant clones, the BLM-bsr construct was transfected into ATM À/À DT40 cells and drug-resistant clones were analysed by Southern blotting, using an external probe as indicated (Figure 1a) . Interruption of the BLM locus leads to the loss of the wild-type Not1-Sph1 5kb fragment and the appearance of an 8 kb fragment. The presence of both sized fragments in Figure 1b is evidence for a BLM þ /À clone. This clone was further transfected with a BLM-his construct to isolate the BLM À/À mutant clones.
Disruption of the second BLM allele gave rise to an 8.5 kb band on Southern blotting, which was seen for two separate clones, 6 and 10 ( Figure 1b) . To verify that the clones were ATM À/À BLM À/À double mutants, we also carried out Southern blotting with an external probe for the ATM locus, as described previously (Takao et al., 1999) . The ATM locus and the consequences of gene disruption with ATM-neo and ATM-puro are depicted in Figure 2a . The shift from an 8 kb restriction digestion fragment to a 4 kb band confirms the disruptions of BLM À/À and the isolation of ATM À/À BLM À/À clones ( Figure 2b ). The use of RT-PCR with specific primers for the chicken BLM gene to determine BLM expression verified that the gene was disrupted (Figure 3 ). This approach was also used to demonstrate that ATM mRNA was not being expressed in ATM À/À and double knockout clones (Figure 3 ). Previous data have shown that targeted integration is elevated in BLM À/À DT40 cells (Imamura et al., 2001) . No enhancement of this frequency was observed in the double mutant ATM À/À BLM À/À (results not shown).
Effect of BLM disruption on proliferation rate 
Agent sensitivity in ATM
Classically, ATM À/À cells are hypersensitive to ionizing radiation, whereas BLM-disrupted cells show increased sensitivity to hydroxyurea (HU) and UV (Ellis et al., 1995; Lavin and Shiloh, 1997; Takao et al., 1999; Imamura et al., 2001) . We initially determined the survival of ATM À/À BLM À/À cells in response to ionizing . This was more evident at low to intermediate radiation doses. This behavior was similar to that recently shown for human BS cell lines (Beamish et al., 2002) .
Sensitivity to UV is characteristic of BS cells (Hand and German, 1975) . Accordingly, we exposed ATM À/À BLM À/À mutant cells to UV fluences over the range 0-75 J/m 2 and measured the cell survival. The results in Figure 5b demonstrate that both BLM À/À and the double mutant are equally hypersensitive to UV compared to wild-type DT40 cells. However, as expected, there was no appreciable increased sensitivity to this agent in the case of ATM-disrupted cells, as has Genes recognizing damage in DNA T Fukao et al been reported for A-T cells previously (Arlett and Lehmann, 1979) . Previous results have shown that disruption of the SGS1 gene of Saccharomyces cervevisiae, a homologue of BLM, confers high sensitivity to HU (Yamagata et al., 1998) . We determined the sensitivity of ATM
cells to increasing concentration of HU over the range 0-1.5 mM. Enhanced sensitivity to HU was observed in both BLM À/À and ATM À/À BLM À/À DT40 cells, which was most obvious over the range 0.5-1.5 mM (Figure 5c ). Again, ATM À/À cells as predicted did not show any more sensitivity than wild-type cells to this compound.
Chromosomal instability in ATM
High levels of interchange between homologous chromosomes and sister chromatids (SCE) is a distinctive characteristic of BS cells (Chaganti et al., 1974; German, 1993) . In addition, increased numbers of chromosome breaks, gaps and translocations are observed. We examined SCEs in ATM À/À BLM À/À cells. The average number of SCEs/cell for the double mutant was 31, comparable to that seen in BLM À/À cells, 33 SCEs/cell (Table 1) . For both wild-type and ATM À/À cells, SCE numbers were less than two per cell. It is well established that ionizing radiation exposure leads to an increase in chromosomal aberrations in A-T cells (Taylor et al., 1976; Chen et al., 1978) . More recently, the intermediate levels of radiation-induced DNA damage have been reported for BS lymphoblastoid cells (Beamish et al., 2002) . The results in Table 1 demonstrate 
Effect of irradiation on cell cycle progress
Previous data have shown that A-T cells are defective in G2/M checkpoint control postirradiation (Beamish and Lavin, 1994) . A-T cells exposed to radiation in G2 phase show considerably less delay in proceeding into mitosis, postirradiation, compared to normal control cells (Zampetti-Bosseler and Scott, 1981) . The results in Table 2 show that wild-type DT40 cells behave much like other cell types after irradiation, in that there is a dramatic decrease in cells entering mitosis by 1 h after irradiation. ATM À/À cells show a much reduced inhibition of entry, indicative of a defective G2/M checkpoint, as reported previously for A-T cells (Zampetti-Bosseler and Scott, 1981) . The pattern of inhibition in BLM À/À is rather like control, but there is an indication at 1 and 2 h postirradiation that the effect is less marked. In the case of the double mutant, the percentage of cells in mitosis, postirradiation, is similar to that in the Atm À/À cells ( Table 2 ). The apparently reduced inhibition at the 1 h time point is not significantly different from that in the Atm À/À cells. 
Radioresistant DNA synthesis
Since radioresistant DNA synthesis (RDS) is also characteristic of ATM mutants (Houldsworth and Lavin, 1980) , we determined whether this intra-S phase checkpoint was also defective in the double mutant. The results in Table 3 demonstrate that the extent of inhibition of DNA synthesis was reduced in ATM À/À DT40 cells compared to control, as reported by Takao et al. (1999) . A similar pattern of RDS was observed in the double mutant (Table 3) . It is noteworthy that the radiation dose to inhibit DNA synthesis in DT40 cells is less than that in mammalian cells. This low dose effect was also reported by Takao et al. (1999) .
Discussion
Generation of Blm-gene disrupted mice has proven to be a difficult task, since two of three Blm-mutant mice produced exhibit an embryonic lethal phenotype (Chester et al., 1998; Luo et al., 2000) . This, together with the reduced growth rate and infertility in Atm-gene disrupted mice, would suggest that the double mutant The cells were untreated or treated with 1.5 Gy gamma irradiation, and were cultured with colcemid for the indicated times. Cells were fixed, stained, and examined on microscopy to determine the fraction of cells in mitosis Cells were exposed to 3 Gy and DNA synthesis determined at the indicated times
Genes recognizing damage in DNA T Fukao et al Atm À/À Blm À/À is likely to be embryonic lethal. The relative robustness of chicken DT40 cells, which makes it possible to disrupt more than one gene in a single cell, together with a high ratio of targeted to random integration of transfected DNA, provides a useful model to investigate the roles of interacting proteins with common or overlapping functions. In this study, we generated a double knockout of ATM À/À BLM À/À in DT40 cell using ATM À/À cells as a starting point. This was prompted by recent data that showed a functional relationship between ATM and BLM (Beamish et al., 2002) . In that report, ATM was shown to interact with BLM and phosphorylate it at two sites, Thr99 and Thr122. The establishment of BS cell lines expressing the Thr99 and Thr122 mutant forms failed to show correction of radiosensitivity or radiation-reduced chromosome aberrations seen in BS cells (Beamish et al., 2002) . However, these mutant forms, like full-length normal BLM cDNA, corrected the SCE phenotype that is characteristic of BS cells. Here we show that loss of BLM on an ATM À/À background does not enhance the radiosensitivity seen in ATM À/À cells, suggesting that the two proteins operate in the same pathway for recognition and repair of radiation damage to DNA. This is evident not only from cell survival but also when radiation-induced chromosomal aberrations are scored. Residual breaks in DNA or conversion of these to chromosome breaks appears to account for the radiosensitivity in A-T cells (Cornforth and Bedford, 1985; Pandita and Hittelman, 1994; Foray et al., 1997) . Although multiple substrates have been identified for ATM, it has not been possible to associate specific phosphorylations with radiosensitivity in most cases. However, one of these substrates' structural maintenance of chromosomes protein, SMCI, when mutated at two ATM-dependent phosphorylation sites, serines 957 and 966, and overexpressed in Hela cells, led to significant radiosensitization (Kim et al., 2002) . In addition, disruption of the histone variant gene H2AX, a substrate for ATM and ATR, radiosensitizes mice, but does not interfere with cell cycle control (Celeste et al., 2002) . It is difficult to place BLM in either of these pathways, but since it accumulates in the S phase , and since it is implicated in the prevention of DNA structures that arise at blocked or collapsed replication forks (Karow et al., 2000) , its absence could radiosensitize cells as well as give rise to SCEs. Such interruptions in replicating forks would also be detected as double-strand breaks by ATM, and it is possible that phosphorylation of BLM by ATM under these conditions attenuates its activity in the prevention of aberrant DNA structures other than SCEs. Interruptions in replication forks giving rise to DNA double-strand breaks could also account for the reduced growth rate in BLM À/À cells. Hand and German (1975) have reported a retarded rate of DNA chain growth in BS cells. This observation, together with increased numbers of cells with rad51 foci (Wu et al., 2001 ) and higher basal levels of ATM kinase (Beamish et al., 2002) , all support the presence of breaks in DNA that could explain reduced replication and increased numbers of cells in the G1 phase, as observed here. However, while ATM À/À cells are also retarded in their growth rates, the double mutant is no more defective than BLM À/À cells. This suggests that ATM and BLM act in the same pathway for growth control.
The overall picture that emerges from the present study is that the predominant cellular phenotype of both single mutants is preserved in the double mutants. The double mutant does not exacerbate the BLM-deficient phenotype of elevated SCE and hypersensitivity to UV and HU. Furthermore, it does not add to the extreme radiosensitivity to ionizing radiation, enhanced levels of radiation-induced chromosome aberrations and cell cycle checkpoint abnormalities that are characteristic of A-T. The apparent difference between ATM À/À and the double mutant at 1 h is not significant, and is borne out by the additional time points between 2 and 6 h (Table 2) . Thus, with the exception of the overlapping but nonadditive sensitivity to ionizing radiation, BLM and ATM function in separate but parallel pathways in the surveillance of abnormal structures in DNA (Figure 6 ). Both of these proteins are constituents of the BRCA1-associated genome surveillance complex (BASC) (Wang et al., 2000b) . This may provide the vehicle for a common role for ATM and BLM in homologous recombination repair. Elevated rates of intra-and extrachromosomal recombination suggest that ATM has a controlling role in recombinational repair (Meyn, 1993; Luo et al., 1996) . More direct evidence for such a role has been provided by disrupting ATM in combination with genes involved in the major repair pathways for DNA double-strand break rejoining (Morrison et al., 2000) . Whereas ATM À/À Ku70 À/À DT40 cells showed greatly elevated chromosomal aberrations and enhanced sensitivity to ionizing radiation, ATM
Rad54
À/À exhibited only slightly elevated aberration levels after radiation. Previous data demonstrate that loss of Rad54 leads to recombination deficiency and defective DNA double-strand break repair (Bezzubova et al., 1997; Essers et al., 1997) . These data place ATM and Rad54 on the same recombination repair pathway (Morrison et al., 2000) . In the case of BLM À/À DT40 cells, not only is the frequency of SCE elevated, but targeted integration frequency is also enhanced markedly (Wang et al., 2000a) . In the present case, the double disruption of BLM and ATM did not enhance SCE frequency, and targeted integration was unchanged when compared to the single BLM gene disruption. When BLM À/À was combined with disruption of the Rad54 gene, a reduction in SCE was observed and the enhanced targeted integration was almost completely abolished (Wang et al., 2000a) . In the present case, the double disruption of BLM and ATM did not enhance SCE frequency, and targeted integration was unchanged when compared to the single BLM gene disruption. Thus, in the absence of BLM, homologous recombination is deficient, pointing to an important role for BLM in reducing DNA double-strand breaks during DNA replication (Wang et al., 2000a) .
Materials and methods
Cell lines
ATM
À/À and BLM À/À DT40 cells were previously described (Takao et al., 1999; Imamura et al., 2001) . DT40 cells were maintained in RPMI1640 medium supplemented with 2 mM Lglutamine/penicillin/streptomycin, 10% fetal bovine serum, and 1% chicken serum (Sigma) and 39.51C in a humid 5% CO 2 atmosphere. Electroporation of targeting vectors and antibiotic selection were carried out as described previously (Imamura et al., 2001) .
Gene targeting
In order to generate DT40 cells disrupted for both ATM and BLM genes, we employed a cell line produced by Takao et al. (1999) , which was deficient in ATM. The targeting vectors were the BLM disruption constructs BLM-his and BLM-bsr, described by Imamura et al. (2001) . This vector was made by replacing approximately 1 kb of genomic sequence with His R -or Bsr R -selection marker cassettes under the control of the b-actin promoter (Bezzubova et al., 1997) . The constructs were linearized prior to transfection. For transfection, 10 7 cells were suspended in 0.5 ml of PBS containing 30 mg of linearized plasmid and electroporated at 550 V and 25 mF. After electroporation, cells were transferred to fresh medium and incubated for 24 h prior to addition of the appropriate selection drug, and divided into four 96-well microtiter plates. After 11 days, drug-resistant colonies were transferred to 24-well plates.
Southern blot analysis
Genomic DNA was extracted with DNA easy kit (Qiagen). A measure of 5 mg of genomic DNA was digested with NotI/ Sph1 and BamHI for BLM and ATM loci, respectively, then electrophoresed on a 1% agarose gel. After transferring onto HybondN þ (Amersham), the membrane was hybridized with 32 P-labeled probe. The positions of the probes are shown in Figures 1a and 2a .
RT-PCR
Total RNA was extracted with TRIagent (Sigma), according to the manufacturer's protocol. A measure of 5 mg of total RNA was reverse-transcribed into cDNA with Superscript II reverse transcriptase (Gibco BRL) and a mixture of oligo dT primer (10 pmol), chicken BLM-specific antisense primer (chBLMas2; 2 pmol) and chicken ATM-specific primer (chATM2; 2 pmol). BLM, ATM and b-actin cDNAs were amplified with primer pairs of chBLMs1/chBLMas1, chATM3/chATM2 and chb-actin3/chb-actin4, respectively. 
Proliferation analysis
For cell proliferation analyis, 1 Â 10 4 cells were seeded into a well of a 24-well plate and grown in 1 ml of culture medium. Cell viability was evaluated by Trypan blue exclusion and the number of viable cells was determined at 12 h intervals, using a hemacytometer.
Gamma-ray and UVC sensitivities DT40 cells at 10 4 cells/ml in a 10 ml round-bottomed polystyrene tube were irradiated with gamma-rays using a 137 Cs source or UVC (1 J/m 2 /s). At 48 h culture after irradiation, viable cell numbers were counted as described above. Percentage survival was determined relative to the numbers of untreated cells. Figure 6 ATM and BLM surveillance of damaged DNA. It seems likely that ATM and BLM have largely distinct roles in recognizing different forms of damage in DNA; ATM responds to doublestrand breaks and BLM to stalled replication forks. DNA synthesis inhibition recognized by ATM appears to be largely at the replicon level at moderate radiation doses. It is also likely from the data observed here and in Beamish et al. (2002) that ATM and BLM have partially overlapping functions in recognizing breaks in radiation-damaged DNA. In the scheme, ATM is activated by radiation-induced breaks in DNA. As part of the BASC complex (which also contains BLM), it phosphorylates a number of substrates involved in cell cycle checkpoint control (e.g. p53, BRCA1, Chk2 and Nbs1). There is evidence that ATM-dependent phosphorylation of structural maintenance of chromosome protein 1 (SMC1) is important in determining cell survival postirradiation. We propose that phosphorylation of BLM may also be a pathway to enhance the repair of DNA damage. We have previously shown that BS cells are sensitive to ionizing radiation (Beamish et al., 2002) . It is possible that other substrates of ATM are also in this pathway(s). In parallel pathways, ATM and BLM recognize breaks and stalled DNA replication forks, respectively, and are part of separate signaling pathways to resolve/repair the abnormal structures. Both molecules are involved in homologous recombination, but in different pathways
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Induced chromosomal abberrations
Cells were irradiated with 1 Gy of gamma-rays. For G2-phase cells, colcemid (final concentration 0.1 mg/ml, GIBCO BRL) was added 1-2 h prior to harvesting, after which the cells were treated with 0.075 mM KC1 for 10 min at 371C and fixed in a 3 : 1 methanol : acetic acid mixture and spread on glass slides. The cells were then stained with Giemsa and 50 metaphases were analysed.
HU sensitivity DT40 cells were treated 5 h with indicated concentrations of HU (100-1500 mM). At the end of the treatment, cells were washed twice with PBS. Cell viability was determined 24 h after treatment, using the Trypan blue method, as described above.
Mitotic index
The analysis was performed as previously described . Briefly, DT40 cells, unirradiated or irradiated with 1.5 Gy, were exposed to 0.1 mg/ml colcemid and collected at hourly intervals, washed with 0.075 M KC1 and, after cytocentrifugation, fixed onto glass slides, in methanol : acetic acid (3 : 1), and stained for 5 min with Giemsa stain. No mitotic arresting agents were added. The nuclei were counted by light microscopy with atleast 1000 cells from each sample. For each time point, the fraction of mitotic cells present in the unirradiated sample was normalized to 100%.
Sister chromatid exchange DT40 cells were cultured in medium containing 10 mg/ml BudR for two cell cycles before harvesting. Metaphases were prepared as described above. The prepared slides were aged for 1 week before being stained for 15 min in 33258 Hoechst (5 mg/ml), exposed to black light for 2 h before incubation in 2 Â SSC for 30 min at 651C. The slides were washed twice with water and stained with 5% Giemsa in 0.05 M phosphate buffer, pH 6.8. Differential staining of sister chromatids in metaphases was performed as described previously (Ellis et al., 1999) .
Inhibition of DNA synthesis
Inhibition of DNA synthesis postirradiation was determined as described previously (Houldsworth and Lavin, 1980) . Cells were exposed to radiation (3 Gy) and incubated for the indicated times prior to labeling with 3 H-thymidine (0.5 mCi/ well) for 20 min. Incorporation was for 2 Â 10 5 cells/well of a 96-well plate.
